Abstract: Microgrid concept (MG) is regarded as the best solution for optimal integration of the renewable energy sources (RESs) into power systems. However, novel control strategies should be developed because of the distinct inherent feature of MG components in comparison to conventional power systems. Although the droop-based control method is adopted in the MG to share power among distributed generation units, its dependency to grid parameters makes its implementation not as convenient as that in conventional power systems. Virtual impedance has been proposed as the complementary part of droop control in MGs. In this paper, adaptive virtual impedance is designed considering its effects on the system performance in the MG including: 1) Decoupling active and reactive power control by making the grid X/R ratio high, 2) Maximum transferable power through the feeder, 3) Stability concern, 4) Precise reactive power sharing in different operating modes as well as smooth transition from connected mode (CM) to islanded mode (IM). To this end, a novel method is proposed to determine the reactive power reference of distributed generation (DG) units according to their contribution in reactive power sharing in IM. In addition, simulation in MATLAB/SIMULINK environment is conducted to assess the performance of the control system.
Introduction
Modern life requirements in terms of providing clean and economically efficient electrical energy have encouraged power engineers to integrate renewable energy sources (RESs) into distribution networks and close to load centres. Over the last two decades, microgrid (MG) concept has provided the idea of optimal and reliable integration of power electronicbased RESs and micro-sources (MSs) as distributed generation (DG) units into power systems. In addition to energy management and power quality improvement, the islanded operation of MG provides reliability enhancement by uninterrupted load supply whenever the upstream network is unavailable [1]- [3] .
Output voltage and output power of RESs are controlled by controlling power electronic converters in order to achieve the following goals in different operating modes of MGs: 1) controlling output power of converters in connected mode (CM) according to the set points determined by the MG central controller (MGCC); 2) maintaining the stability of MG by load tracking (holding the balance between production and consumption) in transition from CM to islanded mode (IM); 3) voltage regulation and accurate power sharing in IM [4] . To achieve the above mentioned goals, generally two major types of control strategies have been introduced for MG control systems, centralized and decentralized control strategies [5] . The centralized control systems are based on high-bandwidth communication links, which collect data from each DG unit to the MGCC and send the set points determined by the MGCC to DG units. It has features such as high power quality, poor reliability, fast transient, expensive and complex communication network, and the plug-&-play capability is not feasible. On the other hand, decentralized control systems rely on the performance of local controllers which are based on local variable measurements. Low power quality, acceptable reliability, slow dynamic transient, easy implementation and plug-&-play capability are features of this method [6] .
The idea of cooperative operation of local controllers in coordination with the MGCC by low-bandwidth communication links, which takes advantage of both strategies mentioned above, may help to have better control performance in the MG. So, the hierarchical control structure has been proposed to facilitate conducting this control system in the MG [7] - [9] . At the highest level, MGCC is responsible for the energy management [1] , while the lowest level is designed to maintain the dynamic stability of MG by holding the balance between production and consumption which is implemented by accurate power sharing and voltage regulation. Droop control, inspired from the synchronous generator behaviour in conventional power systems, is the most prevalent decentralized method among researchers [10] - [13] . In this method, active power and reactive power are controlled by controlling the frequency and voltage, respectively. In spite of effortless implementation, there are some disadvantages related to droop control methods: 1) compromising between power sharing and power quality: power quality is influenced by the droop control, as power sharing implementation requires voltage and frequency to be deviated from the nominal values. Secondary controller in the next level after droop control is in charge of power quality improvement by correcting voltage and frequency deviations [7] - [8] . 2) low stability margin as well as insufficiency of droop controller in harmonic and unbalance load condition: some works attempt to address unbalanced and harmonic load sharing as well as stability issues by proposing an extra control level in the hierarchical control structure of MGs [14] - [17] . 3) droop controller performance dependency on the grid parameters which is the case in this work: DG units are connected to the MG's main bus, point of common coupling (PCC), via interfacing feeders including isolating transformer and interconnecting power line. Impedance mismatch of interfacing feeders makes the reactive power sharing inaccurate because of the voltage drop over different feeders. Besides, in order to decouple active and reactive power control loops, X/R ratio of the interconnecting feeder should be high enough [18] - [19] . Some researchers have made efforts to address the reactive power sharing issues in the MG control. In [20] an estimator based adaptive control is developed to predict bus voltage and use it to modify the voltage reference in the droop controller to restore the voltage deviation. Although using an estimator is a good idea to predict the systems states, the estimator's influences on the system performance and the stability concern should be considered in the parameter design. In [21] the droop control is improved to achieve an accurate reactive power sharing between two identical DG units with different feeders. The method is based on injecting low bandwidth synchronization signal which modifies the reference voltage to reduce the error in reactive power sharing. This, in turn, causes a voltage decline, which although is recovered by the proposed method, the power quality is affected. This strategy is based on communication links, and the accuracy of power sharing among different DG units is not clarified. A modified droop control is proposed in [22] by which the historic information of reactive power is used to yield the reactive power sharing among identical DG units, but the system stability is not discussed. The consensus control method (distributed averaging) is adopted in the secondary controller to attain an accurate reactive power sharing as well as voltage regulation in the MG [23] . However, the stability analysis is necessary and the system performance depends on the performance of communication links. An optimal centralized secondary voltage control method is also presented in this paper for multi-bus droop based MGs [24] . Contribution of each DG unit in voltage regulation and reactive power compensation is optimally determined by the MGCC considering MG efficiency, capacity and grid line limits. However, communication network is necessary to collect and send data between the DG units and MGCC. In addition, the computation time for optimization process and communication delay are not discussed. The method presented in [25] relies on the communication link as the MGCC is responsible for coordinating DG units for accurate reactive power sharing by means of sending corresponding signals.
A popular solution which has been proposed to address inaccurate power sharing issues in MGs is virtual impedance. Virtual impedance, primarily, is embedded into the droop control to make the feeder impedance purely inductive to decouple the active and reactive power control [7] , [16] , [25] - [27] . Some researchers have proposed to employ the virtual impedance as a means of implementing accurate reactive power in MGs [28] - [29] . In [28] an adaptive virtual impedance approach is proposed to remove the impedance mismatch in the feeders. However, the stability analysis is not concluded and the DG units are considered with the same rating. Besides, the proposed method is based on the reference reactive power which is not available in IM for proportional reactive power sharing. In [29] the virtual impedance is regulated adaptively by the consensus control, which as it is mentioned earlier, requires communication links between adjacent DG units and has difficulty in analysing the overall stability of the system. In this paper, the virtual impedance is designed to improve MG operation in different operating modes. First the permitted band of virtual impedance is deliberated considering its effects on the MG control such as decoupling active and reactive power control, maximum transferable power through the feeder (DG unit capacity and voltage limit) and stability concern. Then the virtual impedance is adjusted within the obtained permitted range adaptively to achieve the following targets: 1) reference tracking in CM where the issue is to deliver the pre-set reactive power determined by the MGCC, 2) smooth transition between CM and IM, 3) accurate reactive power sharing in IM, where the problem is to implement precise reactive power sharing, according to assigned droop gains, by means of voltage regulation to prevent circulating current among power converters. To this end, first a novel decentralized method is developed to specify the reactive power reference for each DG unit according to their contribution in supplying the reactive power. Then, the virtual impedance is adjusted adaptively, employing a PI controller, so that the reference value is tracked. The developed method is fast to avoid the power converter from overloading condition that may lead to collapse of the MG. Besides, the proposed control method is decentralized and does not rely on communication links. The stability analysis is conducted and robustness of the proposed control system is evaluated in the simulation part.
In the next section, the droop-based control system is explained and virtual impedance is designed. In Section 3, a novel control system to improve the MG operation in different operating modes as well as achieving an accurate reactive power sharing in IM is proposed. The simulation results are presented in Section 4 to verify the effectiveness of the proposed control strategy. Finally, Section V draws the conclusion for the paper.
Microgrid control system
DG units are connected to the MG via power converters and power flow control and voltage regulation are implemented by controlling the power converter interfaces. For dispatchable DG units, power converters are controlled as Voltage Source Inverter (VSI), see Fig. 1 . For nondispatchable DG units, like RESs, power converters are controlled as Current Source Inverters (CSI) to deliver produced power from natural resources [4] . Nevertheless, RESs can be converted to dispatchable DG units by installing a battery on the DC link side.
Droop control loop
To design a control system in the MG for an individual DG units, active and reactive power flowing through the feeder are given as, see where Vo and VB are the converter's output voltage and MG main bus voltage, respectively, δ is the phase angle of converter's output voltage, Zfd and θ are the magnitude and the phase angle of the feeder impedance, P and Q are the active and reactive power passing through the feeder. In the conventional power system, the dominant grid impedance is inductive (X/R ratio is high) and  is approximately 90 degree, then the power flow would be:
From (3)- (4) it is derived that the active power flow depends on the phase angle (proportional to |V| 2 /X) and the reactive power flow depends on the voltage difference between DG bus (Vo) and MG bus (VB) (proportional to |V|/X). a B c
Fig. 1. (a) Control system of a dispatchable DG unit (including MS, DC link and power converter) connected to the MG bus through a feeder. Power converter is a Voltage Source Inverter (VSI) including inverter, LC filter, inner control loops, droop control loop and virtual impedance loop, (b) Cascaded (inner) voltage and current control loops, (c) Block diagram of the proposed adaptive virtual impedance
So by drooping the frequency (dynamically the phase angle) and voltage magnitude at the converters' output with respect to active power and reactive power variations, the active and reactive power are distributed among DG units proportionally to droop coefficients. Based on droop control, the voltage and frequency are determined as: * 5 * 0 6
where ω0 and V0 are the nominal angular frequency and voltage magnitude, respectively, P* and Q* the active power and reactive power set points which are determined by the MGCC in CM and are set to zero for dispatchable DG units in the IM. P and Q are average output active and reactive power which are obtained by passing instantaneous active power (p) and reactive power (q) through low pass filter (LPF). ωref and vo,ref are the converter's output frequency and voltage magnitude determined based on droop control. The control challenge in MGs is that the MG is located in the low voltage grid with low X/R ratio in which the active power and reactive power control is imperfect. Virtual impedance has been proposed to boost X/R ratio and make the conventional f/P and v/Q droop control possible.
Virtual impedance design
In order to embed virtual impedance into the control system, the voltage reference is modified as:
where Rv and Lv are the virtual resistance and virtual inductance values, and io is the converters output current. By transforming (7) to the direct and quadrature (d-q) reference frame by means of park transformation, in steady state we have:
The virtual impedance loop is shown in Fig. 1(a) . Virtual impedance has been proposed to make the conventional f-P and V-Q droop control applicable in MGs. However, there are other control aspects which should be considered in designing the virtual impedance and will be discussed in the next subsection.
Decoupling active and reactive power control:
According to (3) and (4), the X/R ratio should be high enough to decouple the active and reactive power control. Fig. 2 shows the active and reactive power variations with respect to the increasing phase angle and voltage difference. In Fig.  2(a) , it is indicated that, by increasing the phase angle, the delivered active power increases. When X/R ratio is higher than a certain value (X/R>=5), the active power value is saturated and does not increase more with increasing the voltage difference Vo-VB; see Fig. 2(b) . The similar scenario happens for the reactive power in Fig. 2(c-d) . Hence, the value of X/R ratio must be greater than a certain value according to (9) 
Maximum Transferable power:
According to (3) and (4), the absolute value of Zfd=Rfd+jXfd should not be too high to restrict the transferred power through the feeder. Figs. 3(ab) show that boosting the X/R ratio by increasing the virtual inductance value restricts the active and reactive power passing through the feeder. The larger virtual inductance, the larger phase angle and voltage difference are required for transferring more active and reactive power, which leads to narrower stability margins and voltage limits concern, respectively. So the absolute value of feeder impedance must be lower than a certain value according to (10):
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where K2 is the maximum feeder impedance value including physical and virtual elements. Negative virtual resistance may help to increase the transferable power through the feeder. However, stability should be considered in adjusting the virtual inductance and virtual resistance which is discussed in the next subsection. 
Stability concern:
In order to develop the state space model of droop-based VSI, first the small signal model of different parts is developed as follows. From f-P droop loop, the phase angle dynamics is achieved as:
The average active and reactive power (P & Q) are achieved after passing instantaneous active and reactive power (p & q) through a first-order filter:
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where ωc is the LPF cutting frequency. After linearization we have:
For the VSI's outer (voltage) loop, (see Fig. 1b ), we have:
where φd,q are the defined state variables for the voltage controller of VSI. The output of VSI's outer (voltage) control loop is the reference current for the inner (current) control loop. For the current control loop, (see Fig. 1(b) ), we have: 
where Rf is the resistance of LC filter. For the LC filter capacitance voltage, we have:
Finally, for the converter's output current, we have:
where v'Bd and v'Bq are the d-q components of MG bus voltage which is transferred to the VSI reference frame () by the transformation matrix as: cos sin sin cos 21
Finally, the state space model of VSI is given as:
where A is the state matrix developed from (11)- (20), B and u= [vBd vBq] T are input matrix and input variables to the control system given from (21) , and x is the satate variable as:
The eigen loci of the VSI including virtual impedance loop is depicted in Fig. 4 , which represents the effects of virtual inductance and virtual resistance on the movement of dominant poles of the small signal microgrid model. Increasing the inductance value (arrow direction) moves the critical dominant poles toward the left side of real axis, while the virtual negative resistance has an inverse effect by moving the poles toward the right side of real axis. So the virtual impedance should be adjusted properly. The conventional output feedback methods or a novel optimization algorithm and a suitable objective function, e.g. desired pole locations, may be employed to determine the virtual impedance, which is not discussed in this paper.
Fig. 4. Eigenvaue loci

Power sharing and voltage regulation
Power converters are employed at two operating modes in MGs: 1) CSI which follows active and reactive power set points well, but without voltage regulation capability, and is suitable for operating in CM; 2) VSI with voltage regulation capability which is needed for IM operation. The VSI is adopted in both operating modes in this work to have a smooth transition from CM to IM. In order to dispatch power among parallel dispatchable DG units in IM and to avid circulating current among them, VSI is equipped with a droop control loop as the output power control loop. However, the output power of VSI depends on its output voltage and interconnecting power line impedance, which causes inaccurate reactive power sharing because of the voltage drop through the feeders [19] . In this paper, virtual impedance is adjusted adaptively in the permitted band to overcome droop controller disadvantages in power sharing and voltage regulation.
Connected mode
In CM, DG units deliver the active and reactive power according to the set points determined by the MGCC; see (5) and (6) . VSI converters with droop-based control loop deliver the active power as specified by P*, because frequency is a global variable and sensitivity of the active power to phase angle is high. But, the reactive power is not delivered to be equal to Q*, as the voltage of MG bus is a local variable. Therefore, the adaptive virtual impedance is adopted to control VSI output reactive power according to (24) 
Transition from CM to IM
In CM, DG units follow the active and reactive power set points determined by the MGCC, and the load variation is responded through the main grid. Whenever the main grid is unavailable, dispatchable DG units are responsible for maintaining the balance between the generation and consumption. So if the MG receives considerable power from the main grid in CM, in transition from CM to IM, the output power of dispatchable DG units increases sharply, which results in a voltage drop in the DC link because of the slow response of primary MS. So an energy storage system (ESS) is required in the MG as a spinning reserve to compensate the slow response of micro-sources [30] . Virtual impedance is adjusted to limit the output power of dispatchable units, while the ESS is responsible for the load tracking according to (25) :
where Lvt is the transient virtual inductance, LvT is the total value of virtual inductance, VDC, VDC,nom are the voltage and nominal voltage of the DC link respectively, and kt is the virtual inductance/DC voltage droop coefficient.
Islanded mode
In the IM operation, DG units are responsible for supplying the demanded load and for supporting reactive power according to their available capacity and current limits. Therefore, the reference active and reactive power (P * & Q * ) are zero and power sharing is implemented proportionally to the droop gains so that (26)- (27) are established:
However, the output reactive power of VSIs depends on the feeder impedance and voltage difference between the terminal buses. Voltage drop in the feeder causes an inaccurate reactive power sharing among DG units which are connected to the MG bus with different feeder impedances. Therefore, voltage regulation and accurate reactive power sharing appear as a crucial issue which may cause the circulating current among DG units. Besides, this may even lead to the MG collapse as the semiconductor devices suffer from narrow current limits. Nonetheless, if the contribution of individual DG units in supporting the demanded reactive power (Q * ) is estimated according to corresponding droop gains, the adaptive virtual impedance can be adopted to implement reactive power sharing according to (26) . To this end, first the reference reactive power of each DG unit is estimated as follows. To estimate the voltage drop in the feeder including that caused by the virtual impedance, according to park transformation for resistive-inductive lines, we have:
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To calculate the VSI's output active and reactive power by means of the d-q component of the VSI's output voltage and current, we have:
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where P and Q are the VSI's output active and reactive power, respectively. In the symmetric three-phase systems, Vq is fixed to zero. By substituting the current component from (30) into (29) we have:
Then the d-q component of voltage profile in the feeder for a given DG unit (DG i) is obtained as:
The first item at the right hand side of (31) is the DG unit output voltage which is specified by the droop controller. The second term is the voltage drop over the feeder impedance and virtual impedance. In order to compensate the voltage drop over the feeder impedance and virtual impedance, it is proposed to modify the reference voltage of i th DG unit in (8) as the following:
The third item at the right hand side of (32) is added to compensate voltage drop through the feeder and voltage drop caused by virtual impedance. It is worth noting that both the virtual impedance loop and voltage drop compensation loop in (32) are effective as they have different time constant because of the low pass filter for P and Q measurements. Then the voltage at MG bus is given as:
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So the output reactive power of i th DG unit is obtained as:
34
And the total reactive power (QT) is give as:
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In this way, the total reactive power is estimated at each DG unit using only local measurements. Finally, the reference reactive power of DG i is determined as:
where Q*iIM is the reference reactive power of i th DG unit in the islanded mode operation which is achieved according to the droop gains. The PI controller presented in (24) is adopted to tune the virtual impedance adaptively to implement the accurate reactive power sharing. The proposed adaptive virtual impedance loop is represented in Fig. 1(c) .
Stability analysis:
In order to incorporate the adaptive virtual inductance and the proposed method into the state space model of VSI which is presented earlier, a new state variable is defined as: *
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And the dynamics of adaptive virtual inductance is determined according to (24) as:
where ΔQ * is obtained from (35)-(36) as:
Now the problem is to determine dynamic of voltage at the MG bus (vBd). Since the voltage dynamics at PCC is determined by droop controllers in IM, it cannot be considered as input to the control system. So the voltage dynamics at the MG bus is modelled by the shunt compensator capacitor, load current and current from DG units as:
where Cc is the capacitance of shunt compensator and iL is the load current considered as the disturbance. The state variable related to voltage control loop, given in (14) are modified according to (32) and (38) as:
where , , , and are the corresponding values at the operation condition. The Eigen loci of the proposed method is compared with conventional droop controller, see Fig. 5 . Two f-P and V-Q are strongly coupled in the conventional droop controller because of low X/R ratio of the feeder. Increasing the droop gain of a given loop moves the eigenvalues of the other loop, Fig. 5a . On the other hand, the proposed method not only decouples the two droop loops, it also improves the stability margins compared to the conventional droop controller, Fig. 5b . 
Simulation results
A MG with three DG units is simulated in the MATLAB/SIMULINK to assess the performance of the proposed control strategy, as shown in Fig. 6 . The MG is connected to main grid at PCC through a distribution transformer. The main grid is simulated with a synchronous generator block which is available in the Simscape/Power Systems toolbox. The parameters of MG and DG units are presented in Table 1 .
Case 1 (S3, S13 & S23 are open). In this case, DG 1 and DG 2 are considered as the dispatchable units and responsible for load sharing. The contribution of both DG units is considered equal in this case. Consequently, the two DGs have the same V-Q droop gain of 0.00025. The simulation results are shown in Fig. 7 . The MG is isolated at t=0.15 sec when the exchanged power between the MG and main grid becomes zero. Using the conventional droop control, in CM, VSIs do not follow the reactive reference (Q*=4000); in IM, although the droop coefficients are same, the reactive power is not shared equally between the two DG units because of the feeder impedance mismatch and voltage drop in the feeder; see Fig. 7(a) . Employing the proposed control strategy to adjust the virtual impedance adaptively, the desired reactive power sharing is achieved; see Fig. 7(c) . The active power sharing is also improved using the adaptive virtual impedance; see Fig. 7(d) . In this case, DG 1 and DG 2 are considered in the simulation, and the contribution of DG 1 is twice as DG 2 according to the data given in Table I . Fig.  8 shows the results in which the transition from CM to IM is indicated by the zero reactive power received from the grid. In CM, DG units deliver reactive power as the reactive reference is set by MGCC; and in IM, the reactive power is dispatched between the two DG units according to the droop coefficients which are set by MGCC. The adaptive virtual impedances are indicated in Fig. 8(c) . Table 1 . The simulation results are shown in Fig. 11 . In order to demonstrate validity and superiority of the proposed method, the simulation results in this case are also compared with the consensus control-based technique which recently has become popular among researchers [18] , [23] . The control performance of consensus control is depicted in Fig.  11(c). Comparing Fig. 11(b) and Fig. 11(c) reveals that, in addition to accuracy, the quick response is another advantage of the proposed control method over the consensus control as the time constant of the proposed method is 0.2 second while it is 2 seconds for the consensus control. Since, in contrast to conventional synchronous generators, power converters have a limited Amp×time tolerable band, the reactive power sharing must be implemented immediately to prevent the corresponding protection relays from operation. Otherwise, it may lead to cascading outage of DG units and eventually instability of the MG. In order to analyse robustness of the control system with respect to parameters and network topology uncertainties, three identical DG units are connected to a meshed MG. X/R ratio of the power lines is also reduced from 4 in cases 1-5 to 2 in this case. The simulation results are presented in Fig. 12 .
Although the system becomes more oscillatory because of the meshed topology and low X/R ratio, the control system is still able to stabilise the MG. Besides, reactive power sharing is implemented accurately. The only requirement of the proposed method is that the direct component of voltage at PCC should be sent to the DG units which are not connected to the PCC directly, as PCC voltage cannot be estimated in decentralized form in those DGs. This is not a big challenge, however, as the existing low band-width communication link is sufficient to send a DC value. 
Discussion
This paper addresses active and reactive power sharing issues in decentralized droop controlled MGs. However, there are some more problems related to droop control in MGs which should be addressed. The reduction in the active and reactive power of load, when the MG switches from CM to IM, is due to voltage drop caused by droop controllers. Since the constant impedance (at nominal voltage) load block is used in the simulation, voltage drop causes reduction in load. This is a power quality issue related to the droop controller which is not tackled in this work. Moreover, the active and reactive power oscillations in CM comes from the interaction of main grid and voltage sources in the MG. In practical situations, the main grid is always on, and MG is connected after synchronization process. The synchronization scheme is beyond the scope of this paper and is not considered in the simulation. On the other hand, the oscillations are mitigated in the isolated MGs (c.f. cases 3 and 5), due to the virtual impedance and modified droop control (32). The virtual impedance and P & Q feedback loops in (32) act like state feedback loops which improve dynamic performance of the controlled system.
Conclusion
In this work, virtual impedance is considered as a complementary part of droop-based control system in MGs. First, virtual impedance is modelled into the small signal model of MG. It is shown that virtual impedance should be appropriately designed to decouple the active and reactive power control, and also be bounded for not limiting the maximum transferable power. Negative virtual resistance is proposed to help determine the virtual impedance so that the desired performance is achieved. The root locus of the dominant poles of small signal MG model is drawn to show the effectiveness of the idea. Then, a control strategy is developed to adjust the virtual impedance adaptively so that the smooth transition from the connected mode to islanded mode as well as the accurate reactive power sharing is accomplished. In addition, a novel decentralized method to obtain the reactive power reference based on the contribution of each dispatchable DG unit in reactive power sharing is proposed. Voltage quality is also improved by proposing a method to modify the voltage reference of VSIs. The performance of the proposed control system is evaluated by simulating a typical MG in MATLAB/SIMULINK. Reactive power (var)
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